Abstract: The stability of a protein is vital for its biological function, and proper folding is partially driven by intermolecular interactions between protein and water. In many studies, H 2 O is replaced by D 2 O because H 2 O interferes with the protein signal. Even this small perturbation, however, affects protein stability. Studies in isotopic waters also might provide insight into the role of solvation and hydrogen bonding in protein folding. Here, we report a complete thermodynamic analysis of the reversible, two-state, thermal unfolding of the metastable, 7-kDa N-terminal src-homology 3 domain of the Drosophila signal transduction protein drk in H 2 O and D 2 O using one-dimensional 19 F NMR spectroscopy. The stabilizing effect of D 2 O compared with H 2 O is enthalpic and has a small to insignificant effect on the temperature of maximum stability, the entropy, and the heat capacity of unfolding. We also provide a concise summary of the literature about the effects of D 2 O on protein stability and integrate our results into this body of data.
Introduction
Water, arguably the most important molecule for life on Earth, 1,2 is essential for the stability, folding, and structure of proteins that drive biology. The hydrogen bonds between protein and water help shape the free energy landscape of folding, guiding a protein towards its stable, folded state. In many experimental techniques, however, the signal from H 2 O interferes with that from the protein, and D 2 O is used as the solvent. Nuclear magnetic resonance spectroscopy (NMR), infrared spectroscopy, small angle X-ray scattering, and small angle neutron scattering are techniques that often incorporate this substitution. Additionally, examining proteins in D 2 O, which is only a small perturbation of the system, can provide insight into the role of hydration and hydrogen-bonding in protein folding. [3] [4] [5] [6] [7] [8] Nonetheless, this solvent substitution can affect proteins, 9 and it is important to be cognizant of these effects when conducting experiments in D 2 O. The aim of the present study is three-fold: provide a complete thermodynamic analysis of globular protein folding in H 2 O and D 2 O, concisely summarize similar literature studies, and compare our results to those in the literature. We chose the metastable, 7-kDa N-terminal src homology 3 domain of the Drosophila signal transduction protein drk (SH3) to probe solvent isotope effects on protein stability. Even under non-denaturing conditions, a large population of SH3 is unfolded.
10 SH3 has one tryptophan, which we labeled with a fluorine atom. 11 This residue experiences different solvent exposure in the folded and unfolded states, resulting in two 19 F resonances in slow exchange on the NMR timescale, 10, 12 one for the folded state and one for the unfolded ensemble (Fig. 1) . The presence of only two resonances is consistent with two-state folding. The areas under the resonances can be integrated to obtain the relative populations of each state and thus a modified standard-state free energy of unfolding:
where R is the gas constant and T is the absolute temperature. The temperature dependence of ΔG 0 U is used to construct a protein stability curve (Fig. 2) 13 which provides a complete thermodynamic picture of folding in H 2 O and D 2 O via the integrated GibbsHelmholtz equation:
where T ref is a reference temperature, ΔH 0 U and ΔS 0 U are the modified standard state enthalpy and entropy of unfolding, respectively, and ΔC 0 p is the modified standard state heat capacity of unfolding which is assumed to be temperature independent within the range studied.
Results and Discussion
Heat-induced unfolding of SH3 in H 2 O and D 2 O
The metastability of this SH3 domain allows stability curves to be constructed and analyzed [13] [14] [15] Breaking ΔG 0 U into its enthalpic and entropic components shows only an effect on the enthalpy of unfolding. In both H 2 O and D 2 O, the enthalpy and entropy of unfolding are large and positive making it difficult to determine which one dominates at 318 K. Examining the enthalpy at the temperature of maximum stability, T s , is more useful due to the small uncertainty in the value at this temperature. At T s the entropy is zero, 13 
Origins of the D 2 O effect
The molecular origins of this enthalpic stabilization are difficult to pinpoint, especially since they cannot be directly measured. D 2 O stabilization of proteins is often attributed to an increase in hydrogen bond strength in heavy water, [18] [19] [20] [21] [22] C to 45 C. This conclusion is consistent with other observations. 9, 22, 28 As suggested in the previous paragraph, the change in the heat capacity of transfer of hydrophilic versus hydrophobic protein groups from light-to heavy-water are often large and Understanding the effects of isotopic waters is key to understanding biology, including protein folding. We focused on the equilibrium thermodynamics of D 2 O on protein stability, because stably folded proteins are often a pre-requisite to proper biological function. We anticipate that our results and those of others compiled here will be of use for understanding the effects of the molecule that unites all of life on Earth.
Materials and Methods
Protein expression and purification 5-Fluorotryptophan-labeled SH3 was expressed and purified as described. 71, 72 NMR NMR samples were prepared as described. 14 
Data processing and analysis
Data were processed as described using Topspin 3.2.
14,15,71 The parameters shown in Table I were calculated using Kirchhoff's equations and the integrated Gibbs-Helmholtz equation as described 14 using MATLAB R2016a.
Note added in proof. After our manuscript was accepted, we learned about work that more completely explains the stabilizing effect of D2O.
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